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Introduction

In most cases, a finite fillet size is required for structural integrity in both rotating

and non-rotating blade rows. The size of this fillet is usually minimized because increasing

fillet radius will decrease aerodynamic performance due to increasing profile drag.

However, the addition of a fillet between an airfoil and hub or shroud will reduce the

interaction between the end wall and blade boundary layers. The result is a thinner

boundary layer in the corner region that is less likely to separate. This is similar to the use

of a fillet in a wing/fuselage intersection. In addition to modifying the behavior of the three-

dimensional boundary layer in the corner, the fillet will change the blade loading and

possibly influence the roll up of secondary vortices. It has not been previously

determined if fillet geometry will have a positive or negative influence on corner or

channel vortices formed in a cascade channel. The effect of fillet size on these vortices

and the corner flow separation is examined in this paper.

Brockett and Kozak [1] have looked at the influence of fillet size in axial flow

turbine stators, experimentally. Their results show that small fillets, with a radius of about

5 percent chord, increased thermodynamic efficiency by 1.4 percent over the case with

zero fillet radius. A fillet radius of 10 percent chord was found to have only a slightly

lower efficiency than the smaller fillet and still a significant improvement over the zero fillet

case. They speculate that the increase in efficiency was due to the fillet limiting corner

flow separation and that the larger fillet did not continue to increase efficiency because

of the additional profile drag. A 1.4 percent increase in efficiency is fairly significant

improvement in a turbine stator. Compressors may realize even more
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of an improvement because pressure gradients in a compressor are less favorable and,

therefore, corner flow separation is even a greater problem.

Other researchers have found that larger fillet size could possibly increase losses.

Stratford [2] has shown in a compressor cascade the addition of a fillet increased the size

of the separation region and the losses. However, his testing only included one blade

type, British standard C4 blades of 10% maximum thickness, at one set of flow

conditions.

Tweedt and Okiishi [3] have investigated the influence of fillet size on stator

performance in a two-stage, axial-flow compressor using double circular arc blades. Their

results did not show any sizable effects due to the fillet. Tweedt's results did indicate that

the larger fillet size produced lower losses near the casing end wall. This is most likely

due to the fillet limiting flow separation in the corner.

Some previous research has indicated that the application of high concentrations

of dihedral (or leaning) of the blade towards the end walls will reduce secondary flow

losses. In his paper, DeParvine [4] compares losses of blades with straight, circular and

elliptical stacking lines. The elliptical stacking of the blade profiles, causing the high

concentration of dihedral angle near the end wall, produces the lowest losses. However,

this type of blade loading slightly increases the losses at midspan. From these results

it can be hypothesized that using a large fillet will give the same benefit as the elliptically

stacked blades while achieving lower losses near the blade midspan.

The present experiment was designed to help clarify the aerodynamic influences

of fillet size in a compressor cascade. A large test matrix was used in order to accomplish

this. Cascades were tested with two blade types, double circular arc and controlled

diffusion, over a large range of incidence angles. Three fillet sizes, 0, 7.5 and 15 percent

chord, and two boundary layer thickness were used in the experiment.
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Symbols

BL1 thin boundary layer case

BL2 thick boundary layer case

DF	 diffusion factor

KE	 kinetic energy

Po	total pressure

q	 dynamic pressure

Q	 arbitrary quantity

u	 pitchwise component of velocity in the exit plane

v	 spanwise component of velocity in the exit plane

V	 velocity

W	 weighting factor

X	 pitchwise coordinate

y	 spanwise coordinate measured from side wall

z	 streamwise coordinate

a	 pitch angle from axial (degrees)

0	 yaw angle from axial (degrees)

P	 density

6	 solidity

W	 total pressure loss coefficient

fl,	 streamwise vorticity

< > ensemble average

Subscripts

1	 cascade inlet condition

2	 cascade exit condition

MS midspan

0	 pitchwise direction
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The Experiment

Experimental Facility

Data were collected in the C1 cascade tunnel at the von Karman Institute for Fluid

Dynamics in Rhode Saint Genese, Belgium. This facility is shown schematically in Figure

1 and photographically in Figures 2 and 3. The facility is driven by a 18 KW DC motor

connected to a centrifugal blower. The blower pumps air into a large settling chamber

with screens to reduce the turbulence level. The air then enters a contraction to a

rectangular test section of 127x500 mm.

The test section is equipped with a suction slot, 21.5 cm upstream of the cascade

center. The suction slot is used for boundary layer removal when two-dimensionality is

important. It was not used in the current study because of the desirability of having

thicker boundary layer and the interest in the three-dimensionality of the flow.

The test section is equipped with two motorized traverse mechanisms for flow

measurement, one upstream and one downstream of the cascade.

Instrumentation

A NACA short prism pressure probe was used to measure inlet flow conditions.

This probe could measure static pressure, total pressure and pitch angle. The NACA

probe was located 12 cm in front of blade center at midspan and could be traversed in

the pitchwise direction.

The downstream data were collected with a two head, 5-hole pressure probe,

shown in Figures 3 and 4. One head is a shielded total pressure probe (Kiel probe) and

the other head consists of 4 holes arranged to measure pitch and yaw angles. The 4-hole

head is less then 1 mm in diameter. This probe was calibrated in the exit plane of the C1

cascade tunnel with the cascade blades removed. A pitch/yaw range of ±30 degrees was

used. The calibration procedure is described in [5]. Static pressure at the cascade exit

was assumed to be ambient pressure for the purpose of calculating velocity. The probe
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was positioned at a 4 degree yaw angle to allow closer movement to the side wall without

interference from the probe support. A test of the calibration indicates that angles could

be measured with an uncertainty of ±1.5 degrees.

A third pressure measurement was made in the settling chamber before the inlet

contraction with a Kiel probe. This pressure was monitored during the test so that tunnel

pressure variations could be corrected. Large drifts (>0.5 mm H 2O) in tunnel pressure

were corrected manually by adjusting the motor rpm. Smaller variations in tunnel pressure

were corrected during data reduction by using the following formula:

i = P i P se meas.

where:
P ; '	 = corrected pressures from the 5-hole probe (i=1..5)
P i	= measured pressures from the 5-hole probe (i=1..5)

Rset	 = desired tunnel pressure setting

Pmeas =measured tunnel pressure in the settling chamber

Pressures were measured with a set of six Validyne variable reluctance pressure

transducers. The transducers were calibrated to a range of 140 mm H20= 2.44 volts (or

2000 bits). Outputs of the transducers were connected to integrating circuits to remove

high frequency fluctuations with integrating constants of 0.1 sec. Data were then sent to

an IBM PC/AT compatible computer using a MetraByte 12 bit analog-to-digital converter.

Data sampling was externally triggered from the traverse mechanism at every millimeter

of probe movement.

Blade Geometry

Two blade profiles were used in the testing: a double circular arc (DCA) and a

controlled diffusion (CD) blade. Blade profiles are shown in Figure 5. Both blades have

the same chord, maximum thickness, solidity, and stagger angle. The coordinates of the

controlled diffusion blades were taken from [6] and are not repeated here. The DCA

blades were designed using NACA correlations [7] to do equivalent turning to the CD
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blades. Cascade parameters are given in Table 1. Each cascade consists of ten blades.

Three fillet radii of 0, 7.5 and 15.0 mm were used during the testing. The relative

size of these fillets can be seen in the photograph in Figure 6. The 7.5 mm fillet radius,

or 7.5 percent chord, is approximately the standard size. This fillet size is also

approximately the size of fillet required to prevent corner flow separation based on the

theory of Debruge [8,9].

Double circular arc blade

chord 100 mm

pitch 60 mm

span 127 mm

maximum thickness-to-chord ratio 0.07

stagger angle 14.2 deg

camber angle 49.6 deg

leading edge radius 0.42 mm

trailing edge radius 0.42 mm

design inlet angle 40.0 deg

Controlled diffusion blade

chord 100 mm

pitch 60 mm

span 127 mm

maximum thickness-to-chord ratio 0.07

stagger angle 14.2 deg

setting angle 14.4 deg

leading edge radius 0.90 mm

trailing edge radius 1.24 mm

design inlet angle 40.0 deg

Table 1: Cascade Parameters
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Blades were manufactured on a 3-axis numeric control machine using a spherical

cutter. The cutter has a radius equal to the fillet radius, therefore, the cutter was stopped

short of full span movement leaving the desired fillet size. Surfaces were then lightly

sanded by hand to provide a smoother finish. Blades were manufactured out of ureol, a

plastic-like material.

Measurements

Measurements were made 1 cm downstream in a plane parallel to the blades'

trailing edges, as shown in Figure 7. Thirteen spanwise measurement locations were

used. The locations are: 1.5, 3.5, 6.0, 8.5, 11.0, 13.5, 18.5, 23.5, 28.5, 33.5, 43.5, 53.5

and 63.5 mm from the side wall. The measurement locations are shown graphically in

Figure 8. At each measurement location 180 samples, one every 1 mm, were acquired

over the 3 central blade pitches. At each measurement location pitch angle, yaw angle

and total pressure 'were calculated using the calibration data from the 5-hole pressure

probe.
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Data Reduction

Performance Properties

Using downstream flow measurements along with results from the upstream

traverse the total pressure loss coefficient can be calculated as:

W (x, Y) - 
(Poi)MS—P02

( ^1 ) MS

where (Poi ) Ms and ( ) Ms are the pitchwise averaged total and dynamic pressure

measured by the upstream probe at midspan, respectively. These local values of loss

coefficient are plotted as contours over the exit plane of the cascade. This proved to be

a very useful method for analyzing the flow field.

The diffusion factor, DF, is calculated at the blade midspan, for each test case,

using the expression:

DF°1— V2 + Vei—Ve2
Vl	 20 Vl

Integrated Quantities

To determine the global properties of the flow field it is necessary to reduce the

data into simpler parameters. This can be done by averaging the data over the exit plane.

The average value of a parameter Q(x,y) is given by:
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Y2X2ff Q(x,Y) W (x,Y) dxdy
YIxI

Q	 y2X2f f W (x, y) dxdy
YIX2.

where x and y are the pitchwise and spanwise directions, respectively, and W(x,y) is a

weighting factor. For an area averaged quantity the weighting factor W(x,y) is 1.0 and for

a mass averaged quantity W(x,y) is pV2cos(a2)cos(e2).

The variation of some of the quantities in the pitchwise direction are also important.

The pitchwise average value of a quantity is given by:

X2

fQ(x,Y)W(x,Adx

Q (Y) = X, 

X2

fW(x,y)dx
X,

These averaging techniques are used for: pressures, velocities and loss

coefficients.

Streamwise Vorticity Calculation

Streamwise vorticity was calculated from the downstream flow measurements by

evaluating derivatives of cubic splines fit to the u (pitchwise) and v (spanwise)

components of velocity. The velocity components are defined by:

U = V2 sin((X2) COS(e2)

v = V 2 COS(a2) sin(62)
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The differentiation of experimental data is always difficult because small

fluctuations in the data can result in large gradients. For this reason the components of

velocity were first phase averaged over the three pitches where data were available. The

phase averaging will smooth the data, as well as help complete the grid where the data

did not converge. (Non-convergence in calculating the velocity vector is caused by a

turbulent fluctuation resulting in a the velocity vector outside the calibration range.) The

phase (or ensemble) average for the 180 points in one traverse can be represented by

the following equation:

<u>, = ( u , +u +s0+u.+120)/3	 (for i = 1..60)

The u component velocity was fit in the spanwise direction and the v component

of velocity was fit in the pitchwise direction with cubic splines. The spatial derivatives

a<u>/ay and a<v>/ax were then evaluated at each grid point by taking the derivative of

the cubic equation at that point. The streamwise vorticity is then:

<S2 Z > = a< V> a< U>

ax	 ay
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Results

Inlet Flow Conditions

The tunnel plenum pressure was set to 126 mm H 2O for all of the test cases. This

resulted in a Reynolds number variation from 300,000 to 350,000 as the inlet flow angle

was varied. The Reynolds number is based on the inlet velocity to the cascade and the

chord length.

The inlet turbulent intensity was measured using a hot-wire probe located at

midspan, 120 mm in front of the central blade. Results are given in Table 2.

Two inlet boundary layer thicknesses were used during the test. One was the

natural boundary layer that developed on the side wall, BL1, and the other was an

artificially thickened boundary layer, BL2. The thick boundary layer case was used only

with the double circular arc blade type. The boundary layer was thickened by using vortex

generators placed on the side walls just after the inlet contraction, 1.35 m upstream of

the central blade. The vortex generators were closely spaced triangles, 6 mm in height

and 5 mm at the base. Inlet boundary layer profiles were measured using a boundary

layer total pressure probe in place of the NACA short prism inlet probe. Figure 9 shows

the boundary layer profiles. Other boundary layer parameters are given in Table 2.

Table 2: Test Conditions

BL 1 BL 2
displacement thickness (mm) 1.929 3.717
momentum thickness 1.613 3.288
inlet turbulent intensity 0.014 0.021
diffusion factor (design condition) 0.33 0.30
axial velocity ratio (design condition) 1.11 1.14
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CD Blade Performance

The overall performance of a cascade can best be evaluated from the mass

averaged total pressure loss coefficient. The total pressure loss coefficient is shown in

Figure 10 as a function of inlet flow angle for the CD blade with thin boundary layer.

These results indicate that, for the controlled diffusion blade, the addition of a fillet

increased losses as much as 28 percent over the zero fillet case. The only improvement

in loss coefficient over the zero fillet case was at the highest incidence tested. This high

incidence is outside the normal operating range of the compressor and the flow is

completely separated on the blade.

Figures 11 and 13 show total pressure loss contours in the downstream plane

parallel to the trailing edge of the cascade, at blade design condition and at the stall

condition, respectively. These figures indicate that most of the losses occur in the corner

between the blade suction side and the end wall. The accumulation of low energy air at

this location is due to (i) the movement of the side wall boundary layer from the pressure

side to the suction side corner and (ii) separation of the three-dimensional boundary layer

in the corner. Note in Figure 11, the greater losses in the wake of the larger fillet. Also,

note the movement of the high loss contour lines towards the blade midspan as the size

of the fillet is increased. This implies an increase in the size of the separation zone.

These findings are in agreement with the findings of Stratford [2].

The distribution of losses over the blade span, Figure 15, indicates that the addition

of the fillet has increased losses over most of the blade span. This distribution of losses

over the blade span can be better evaluated by plotting the pitchwise averaged loss

coefficient minus the inlet boundary layer loss coefficient and the "2D" blade loss (or

midspan loss). These results are shown in Figure 16. Again, the zero fillet case has lower

losses over most of the span. Although, near the side wall the zero fillet case had

measurably higher losses. This may be due to the weaker corner vortex for the zero fillet

case which carries high energy air into the sidewall boundary layer.

The location of maximum loss in Figure 16 corresponds to the location of the
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corner vortex. This can easily be seen by comparing Figure 16 with the vorticity contour

in Figure 17. The higher losses, for the finite fillet cases, at the vortex location may

indicate a stronger corner vortex.

Three additional quantities were calculated to help support this hypothesis. These

quantities are: (i) peak vorticity in the flow field, (ii) averaged vorticity over the flow field

and (iii) total kinetic energy of the flow not in the mean flow direction. (i) is simply the

level of vorticity found in the core of the vortex on the vorticity contour map, (ii) is the

area average of the absolute value of vorticity, and (iii) is the area average of KE,o^,

where:

KE oSS = YPI( u - V2sin ( 0(2)) 2 + V2]

Note that KE ios, is not a measure of lost energy. It is a measure of energy that is not in

the mean flow direction and, therefore, may not be recovered to do practical work. This

"loss" is not included in the total pressure loss coefficient because the total pressure

probe was shielded and, therefore, insensitive to flow angle.

All of the above mentioned quantities follow the same trend for the controlled

diffusion blade. That is, they all increase with increasing fillet size. Table 3 shows these

results at the design inlet flow angle, data are non-dimensionalized by the zero fillet case.

This suggests that for this type of blade the fillet size should be made as small as

possible in order to keep secondary flow losses to a minimum. One possible explanation

for this is that the fillet provides a smooth transition as the side wall boundary layer

moves across the channel and starts to roll-up the side of the blade.

Fillet Size 0.00 7.50 15.0

Peak Vorticity 1.00 1.38 3.50

Average Vorticity 1.00 1.03 1.23

KE, oSS 1.00 1.07 1.09

Table 3: Losses, CD Blade, a,=40.0 deg.
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It was also found that the larger trailing edge radius, caused by the addition of the

fillet, increases losses in the wake. This can be seen in Figures 12 and 14 which shows

the velocity distribution in the same plane as the losses contours of Figures 11 and 13.

Notice in Figure 12 (bottom) the large acceleration of air from the end wall pressure

corner (x=30mm) to the wake region behind the fillet. The flow of air from the pressure

side corner to the fillet wake was observed for all test conditions having large fillet radii.

DCA Blade Performance

Thin Boundary Layer

The double circular arc blade configuration results are not as clear as the CD blade

case. There was no clear trend in the total losses measured at low to moderate

incidence, Figure 18. As the incidence angle was increased, however, the cascades with

finite fillet radii have measurably lower losses. Figures 19 through 24 show loss contours

and velocity vectors at incidence angles of 37, 46 and 52 degrees, respectively. It

appears that the addition of the fillet helps decrease the size of the separated region at

high incidence. This can be observed in the loss contours, Figure 21. Note that the wake

is thinner and the size of the separation region is smaller for the 15 mm fillet case then

for the zero fillet case. The thinning of the wake may be an effect of the increasing axial-

velocity-ratio (Va2/Val ). This causes a squeezing of the boundary layer and reduces the

size of the separation. The axial-velocity-ratio increases with fillet size because of the

decrease in channel area. The AVR for the 0, 7.5 and 15 mm fillet radii at a 1 =53 were

found to be 1.11, 1.15 and 1.20. That is an 8 percent increase in AVR from the zero fillet

case to the 15 mm fillet case.

The spanwise distribution of loss coefficient for the three fillet radii are shown in

Figure 25. The losses at blade midspan are greater for the zero fillet case, however, near

the end wall the zero fillet case has lower losses. This is the exact opposite of what

occurred in the CD cascade. The fact that losses increase with fillet radius near the end

wall is not surprising because of the thick trailing edge of the blade in this region. The
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high losses for the zero fillet case at the blade midspan is more difficult to explain. Trends

in the vorticity levels are not as clear as for the CD cascade. The large differences in the

results found indicate that blade loading is an important factor in the aerodynamic role of

the fillet.

Thick Boundary Layer

Test for the thick boundary layer case were only done for the zero and 15 mm fillet

sizes. It was felt that this would be adequate to demonstrate any boundary layer effects.

Results indicate that the thick boundary layer case behaves very similarly to the thinner

boundary layer case. Results are shown in Figures 26-30. Again, the loss contours

indicate that the reversed flow area decreases and the wake thins as the fillet radius is

increased.

Note the crossing of the lines on the total pressure loss coefficient plot in Figure

26 is the same as that in Figure 18. This gives more confidence in the results that at first,

look like possible experimental error. The crossing of the lines in these figures is difficult

to explain and wili require additional research.

As in the thin boundary layer case the velocity vector plots, Figures 28 and 30

show sudden acceleration of the flow in the trailing edge region of the fillet. In order to

reduce this loss, it may be advisable to decrease the size of the fillet towards the trailing

edge.
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Conclusions

The addition of a fillet in the corner between the blade and side wall increased

secondary flow and profile losses for the CD blades tested. Results clearly indicate, that

for this configuration, fillet size should be made only large enough for structural integrity.

The fillet was not found to significantly change losses at low to moderate incidence

angles for the double circular arc blades. However, as the incidence angle was increased

the cascades with finite fillet radii were found to have measurably lower losses. This

means that the usable incidence range for the double circular arc blades can be slightly

extended by the use of a fillet. The experimental data show the same trends regardless

of the inlet boundary layer thickness. The most important conclusion for the cascade with

double circular arc blades is that the use of a fillet will not degrade the cascade

performance. This means that structure designers will not have to worry about the

aerodynamic effects when selecting a structurally appropriate fillet size.
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Figure 2: C1 Cascade Tunnel with side wall removed.
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Figure 3: Exit plane of the C1 Cascade Tunnel.
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Figure 6: DCA Blades, Fillet Radii = 0, 7.5, 15.0 mm.
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Figure 15: Spanwise Distribution of Losses, CD Blade, a, = 40,
BL1 , o 0 mm fillet, e 7.5 mm fillet, + 15 mm fillet.
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Figure 16: Spanwise Distribution of Secondary Flow Losses, CD
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Figure 20: Velocity Vectors, DCA Blade, BL1, a, = 37, (top) 0
mm fillet, (middle) 7.5 mm fillet, (bottom) 15 mm fillet.
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Figure 22: Velocity Vectors, DCA Blade, BL1, a, = 46, (top) 0
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Figure 29: Loss Contour, DCA Blade, BL2, a, = 52, (top) 0 mm
fillet, (bottom) 15 mm fillet.
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Figure 30: Velocity Vectors, DCA Blade, BL2, a, = 52, (top) 0
mm fillet, (bottom) 15 mm fillet.
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